The kinetics and the temperature dependence of potassium loss from Escherichia coli cells treated with colicin K have been examined. At 37 C, after a single lethal hit, essentially all of the intracellular potassium is lost within the first few minutes of treatment. The initial rate of loss is linearly related to colicin concentration up to a multiplicity of 30. As the temperature is decreased over the range from 37 to 1 C, an increasing delay is seen in the initiation of potassium loss after colicin adsorption. This delay can be overcome by increasing colicin multiplicity and probably reflects an alteration of the cell membrane at these temperatures. A comparison of this effect with an apparently related effect of temperature on the action of irehdiamine A indicates that the delay may represent the inhibition of a transmission process occurring in the membrane.
Colicin K is one of three colicins known to inhibit many energy-dependent processes in Escherichia coil (2, 4, 12, 16) and has been previously shown to inhibit active transport of potassium and to cause the loss of intracellular potassium (17) . These effects apparently occur by a direct action on the cell membrane (2) and have been assumed to result from changes which are transmitted over or through the membrane from a local site of action (9, 15, 16) . A physical model which could acc'ount for the possible spreading of the local action of a single colicin molecule has been proposed (3, 4) . This model supposes that conformational changes may be propagated between membrane subunits in much the same manner as linked subunits of allosteric enzymes respond to the binding of a ligand molecule to one of the units (cooperativity within the membrane).
The major evidence for a transmission of the local action of a single colicin molecule seems to be the single-hit killing shown by colicins. The conclusion has been drawn from single-hit killing that a cell attacked by a single colicin molecule has a definite probability of being killed (9, 15, 16) , and this in turn implies that the effect of the single molecule can be transmitted to the whole cell. On this basis it might be expected that the effect of a single lethal unit on a cell should be demonstrable at the level of the affected process as well as at the level of cell killing. That is, at low multiplicities the fraction of the cell population which received single lethal hits should be correlated with the fraction of which the metabolism was blocked. In experimental systems for which data on this point are available, the relationship is not clear. The effects of colicins E2 and E3 are very slow to appear and require high multiplicities before deoxyribonucleic acid or protein synthesis are markedly affected (7, 15, 17) . At low multiplicities (which are still sufficient to kill 95% of the cells), the effects are only slight. The effects of colicins K or El are quite rapid, but the fraction of cells killed is generally greater than the extent of inhibition (5, 6) .
Another conclusion from the single-hit killing has been that of a lack of cooperation between colicin molecules (9) . Data on the physiological effects of colicins have apparently not been closely examined for cooperativity, although the more rapid action of colicins E2 and E3 at high multiplicities is suggestive of possible cooperative effects. Recent results with the steroidal diamine, irehdiamine A, show that there is not a necessary relationship between single-hit killing and a lack of cooperative interactions at the physiological level. This steroid (which resembles colicin K in its physiological action on E. coli) kills with single-hit kinetics, but shows a sigmoidal (cooperative) relation between steroid concentration and the initial rate of potassium loss (22, 23, 25) . The extent of cooperation is reduced at temperatures below 37 C (25) .
The apparent inconsistency in the relationship between the extent of killing by colicins gas-flow counter, the amount of 42K remaining on the filter, in treated or untreated cells, was calculated relative to a zero-time, untreated sample.
Uptake of radiopotassium was measured by adding 42K in amounts similar to those described above to cells growing under the same conditions. Samples were removed at intervals thereafter, filtered, and washed twice with 5 ml of growth medium. The amount of radiopotassium in the cells is expressed as the fraction of added radioactivity remaining on the filters.
In some experiments, 'Rb was used instead of "2K as a tracer for intracellular potassium. The use of 86Rb as a tracer for potassium in this system is justified on the basis of its similar behavior in response to colicin K treatment ( Fig. 4b ) and on the basis of competition experiments to be described elsewhere (Wendt, in preparation a Cells were incubated with colicin K or E2 for 1 hr at 37 and 10 C, and the survivors were assayed as described for the experiment shown in Table 1 .
Note also that the differences in the slope of the curves for multiplicities up to 3 to 4 in Fig. 1 represent loss from increasing numbers of cells rather than increased rates of loss. The time required before 42K loss from the affected fraction of the population ceases (7 to 8 min at 37 C) may represent the time required for the potassium to be lost from an individual cell, or heterogeneity in the cell population.
Concentration dependence of the rate of potassium loss. As the concentration of colicin is increased, the rate of potassium loss increases linearly up to a multiplicity of 25 to 30 and then reaches a plateau, suggesting a saturation of adsorption sites (Fig. 3) . This number is in reasonable agreement with estimates made of the number of adsorbed lethal units of from 15 to 30 (based on the residual titer after allowing maximal adsorption). The increase in the rate of loss at multiplicities above those required to affect the majority of the population (95 to 99%; multiplicity of killing, 3 to 4) shows that this rate can be accelerated by the adsorption of additional lethal units.
Temperature dependence of induced potassium loss. The effects of different temperatures of incubation on colicin-induced loss of intracellular 42K or the isotope of the related cation 86Rb are shown in Fig. 4a and b . Decreasing the incubation temperature independent of colicin treatment (not shown) sometimes appeared to increase slightly the rate of efflux of these intracellular cations. In spite of this, the rate of potassium loss induced by colicin K decreases with decreasing temperature (Fig. 4a and b) . There is also a marked delay in the initiation of loss after colicin K treatment, the length of the delay increasing as the temperature is decreased (Fig.   4b ).
Temperature dependence of cell killing and adsorption. The effect of temperature on colicin K action cannot be accounted for by an effect on adsorption. Table 2 shows the results of viable cell assays on plates with or without trypsin performed at 20 to 25 minutes in an experiment carried out in parallel to that described in Fig. 4a . Since trypsin is known to be able to reverse the effects of adsorbed colicin (19) , one could expect that cells which had adsorbed colicin at low temperature, but had not been killed, would be rescued by subsequent incubation in the presence of trypsin. Increased numbers of survivors are seen when cells incubated with colicin K at temperatures below 37 C are assayed on plates containing trypsin, the fraction of survivors increasing with decreasing temperature (Table 2 ). In similar experiments in which cell survival only was measured, we found that killing by colicin E2, as well as colicin K, was inhibited at low temperature ( Table 3) .
The rate of adsorption of colicin K at 10 C and 37 C was also studied in the two experiments shown in Fig. 5 . Colicin adsorbed to more than 99% of the cells within the first 2 min at both temperatures. A comparison of these results (e.g., 99.5% of the cells adsorbed colicin within 1 min at a multiplicity of 10 at 10 C, Fig. 5 ) with the results showff in Fig. 6 (16Rb loss does not begin for 10 min at a multiplicity of 10 at 15 C) makes it clear that adsorption is complete several minutes before cation loss begins. Log-phase cells growing at 37 C were diluted into medium containing colicin K at 37 C or at 10 C. Samples were removed at intervals up to 5 min and diluted 100-fold into medium at 37 C to stop adsorption and allow killing. Survivors were assayed on nutrient agar after further incubation for I hr. Symbols: experiment 1-37C (-), IOC (0); experiment 2-37C (A), 10C (A). The speed of onset of the colicin resistance at low temperature and its reversibility after different periods of incubation were studied with the results shown in Table 4 . It can be seen that the sensitivity to colicin depends on the temperature at which the cells are exposed to colicin, not on the temperature (or time) of incubation. The cells become less sensitive to killing within the first 10 min at the lower temperature, and regain their original sensitivity within the first 10 min after return to the higher temperature. There is no further change in sensitivity during 2 hr of continued incubation at the lower temperature.
DISCUSSION
It appears from the correspondence between the fraction of intracellular potassium lost and the fraction of cells killed (Table 1) , that a single lethal hit essentially empties a cell of potassium. Assuming that a lethal unit can be equated with a single molecule (see references 15 and 19) , this implies that either the effect of a single colicin molecule may be transmitted over the cell or that all of the intracellular potassium may exit through a lesion in the vicinity of a single molecule. Although the second possibility is unattractive, it does not seem possible to rule it out at present. The initial rate of potassium loss increases linearly with increasing colicin concentration, showing a lack of cooperation between lethal units in inducing potassium loss. On the same assumption made above, it follows that cooperation between colicin molecules is not involved in producing potassium loss. These results are in accord with the conclusions drawn from single-hit killing.
The delay in initiation of potassium loss after colicin K treatment and inhibition of killing by colicins K and E2 observed at low temperatures is likely to be related to the inhibition of the action of irehdiamine A observed over the same temperature range (25) . Since part of the effect of temperature on steroid action is to reduce the cooperation between steroid molecules, this is evidence that a process involving cooperative changes within the cell membrane may underly an intermediate step in colicin action. These results thus support the general model of colicin action. At least three possible explanations for this effect of lowered temperature can be suggested, none of which may be strictly independent of the others.
(i) Energy-dependent metabolic events required for colicin action are inhibited. Since the delay in the initiation of potassium loss is shortened by increasing colicin multiplicity, a mechanism would be required by which increasing multiplicity could make energy available more rapidly, a seemingly paradoxical conclusion for the action of a known inhibitor of many energydependent processes. However, it has been observed (Wendt, in preparation) that colicin K treatment temporarily stimulates energy-dependent magnesium turnover, a result showing that this possibility merits serious consideration. a Cells growing at 37 C were shifted to 37 and 10 C by dilution (t = 0) and incubated for 120 min. At intervals (t = 1, 40 and 120 min) samples were diluted into medium containing either colicin K or E2 (approximate MOK of 5) at each temperature. Ten minutes were aliowed for killing, and survivors were assayed as described previously (Table 2 ).
(ii) Changes in fatty acid composition after a shift from 40 to 10 C have been measured in E. coli (11) , and such a change could conceivably alter membrane properties. However, lipid composition was measured under these conditions only after 4 hr at 10 C, and it is not known how rapidly the change to altered lipid composition occurs, or when it begins. The rapid changes in colicin sensitivity observed in these experiments, even after 2 hr at 10 C, indicate that if such a change is involved it occurs very rapidly and is readily reversible.
(iii) A change in the physical state of the membrane occurs at low temperatures. There is evidence of such changes from calorimetric studies on membranes and whole cells of Mycoplasma laidlawii (24) . Such a change would seem to be more in keeping with the rapid shifts observed in colicin sensitivity and might occur in conjunction with changes in energy production.
Listing these possibilities emphasizes once again the complexity of membrane structures which may show simultaneous changes in structure, ion flux, and energy production. It is worth noting in this context that other treatments or conditions such as plasmolysis (1), conversion of the cells to spheroplasts (17) , and the colicinimmune (8, 15) and colicin-tolerant (13, 14, 20) states produce in the cells a relative colicin insensitivity which can be overcome by increasing colicin multiplicity. The common effect of these conditions and the temperature effect reported here may lie primarily in a structural change. 
